This paper empirically investigates the variations of embodied energy (EE) and carbon (EC) intensities of materials and identifies their parameter variations in hybrid life cycle assessment (LCA). These parameters include energy tariff, primary energy factor, disaggregation constant, emission factor, and price fluctuation. Hybrid LCA has been conducted to expand the system boundary by filling the gaps in traditional LCA data inventories. The Malaysian Input-Output (I-O) tables are used to derive indirect energy and carbon intensities which are then combined to take advantages of detailed process LCA. The results revealed that maximum increase in energy tariffs and material price fluctuations were the key parameters and issues leading to higher variations in EE and EC intensity values. Other parameters -such as maximum increase in primary energy factor, emission factor and excluding disaggregation constant -have a slight impact upon EE and EC intensity variations. Building materials with high indirect energy in the upstream boundary of materials production have high influence on hybrid LCA variation. Therefore, any decision relating to these materials should be considered carefully.
identify their relative contributions to the variation of EE and EC intensities. Currently, there are limited researches have been conducted to empirically investigate and evaluate the impact of parameter variations in EE and EC intensities, particularly to study how these parameters can be incorporated into EE and EC analysis and to what extent this parameter influences the variations of EE and EE intensities. Therefore, the purpose of this paper is to identify factors and issues that have a strong influence on hybrid models resulting from material production, and to determine the different effects of parameter variations on hybrid LCA model. EC intensity of material for reference case using hybrid LCA. Derivation of EC intensity involved identification of parameter variations in hybrid LCA model. Indirect energy and carbon per unit of final consumption were calculated using Leontief inverse matrix and parameters of energy and carbon in each sector. Each of parameters was derived based on the detailed energy balances provided by International Energy Agency (IEA) database and were validated by using Malaysian energy balances to ensure the reliability of data provided [8, 9] . These parameters convert the product flow in the supply chain (RM$/RM$) to physical energy values (GJ/RM$) [10] . These values were further deflated to the base year 2005 according to the current Malaysian I-O tables for 2005 produced in 2010 [11] . The 2005 I-O tables have 5 years lag times thus influence the variability and consistency of EE and EC intensities of building materials. These variations were discussed in the next section.
The hybrid LCA combines the results obtained from the process LCA and I-O LCA so that the completeness in upstream boundary of materials production can be increased [2, 12] . The indirect carbon intensity of a particular material sector can be identified by subtracting Eq. 2 from Eq. 1 respectively. The difference between total and direct carbon intensity is then multiplied by material cost. In order to identify total EC intensity for a material (e.g. cement, aggregate, water and reinforcement steel), the indirect carbon intensity is combined with direct carbon intensity (i.e. extraction from process LCA) using hybrid LCA as given in Eq. 3 below.
DCO I = ∑ D × T × PEF × C × I (1) TCO I = ∑ T × T × PEF × C × I
(2) ECO I = ECO I + TCO I − DCO I × C
Where, DCO 2-e I n is the direct carbon intensity for a particular sector n or product output (GJ/RM$); D RCe is the direct requirement coefficient of energy sector e (RM$/RM$); E is the total number of energy supply sector e in I-O table; T e is average energy tariff (GJ/RM$); PEF e is the primary energy factor of energy supply sector e (dimensionless); C e is the disaggregation constant for energy sub-sector e; I e is the emission factor of energy supply sector e; TCO 2-e I n is total carbon intensity for a particular sector n or product output (kg CO 2-e /RM$); T RCe is total requirement coefficient (Leontief inverse) of energy supply sector e (RM$/RM$); ECO 2-e I m is total EC intensity of a material or product using hybrid LCA; ECO 2-e I D is direct carbon intensity from process LCA; C m is the cost of material or product (RM$/kg).
Identification of parameter variations. Five parameters were identified to have impact on the variations of EE and EC intensities [5] . These include: (1) energy tariff for energy supply sector; (2) disaggregation constant; (3) primary energy factor; (4) emission factor; and (5) price fluctuation. Each of variation was quantified and incorporated into I-O LCA and hybrid LCA to identify key parameters that have influence to the variations in hybrid LCA model. Parameter variations were derived and quantified using coefficient of variation (COV) and percentage of range and then incorporated into the analysis. The detailed parameter variations are discussed in the following section.
Energy tariff for energy supply sectors. Energy tariff is used to convert monetary unit into physical unit of supply chain in Malaysian I-O tables. Each of energy tariffs for energy supply sector was derived from Malaysian energy balances obtained from International Energy Agency (IEA) and based on estimated individual energy tariff. These energy tariffs were compared to energy tariffs derived from the 2005 I-O tables. Based on Table 1 , energy tariff for coal has 33.47%
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higher variation compare to others energy tariff. Crude oil was the second has 18.34% variation in energy tariffs. Significant variation in energy tariff over period of time would have high influence on the EE and EC analysis. Disaggregated energy supply sector. Parameter used to disaggregate the energy supply sector aims to overcome double counting in EE and EC analysis. Disaggregation constant allows individual energy tariff to be used instead of average energy tariff [10] . In Malaysian I-O tables for 2005, the aggregated energy supply sectors can be found in crude oil (IOPI 1110) and natural gas sector (IOPI 11200) (aggregate natural gas and crude oil sector); and electricity (IOPI 40100) and gas supply sector (IOPI 40200) (aggregate electricity and gas supply sector). Disaggregated energy supply sector was derived from Malaysian energy balance obtained from International Energy Agency (IEA). The disaggregation constant was included or excluded in EE and EC analysis using hybrid LCA model to identify variability and consistency in EE and EC intensities of materials.
Primary and delivered energy. Primary energy is referred to as the energy required from natural resources (e.g. coal or natural gas) by producer (e.g. electricity or petroleum refinery) whereas delivered energy is the energy consumed by final consumers. Conversion of delivered energy to primary energy using primary energy factor (PEF) is site specific [13] . The consideration of primary energy takes into account the loss in transmission and distribution as well as for plant own use for specific countries. The variability of PEF leads to the variations in EE and EC intensities. The realible and up-to-date energy database provided by International Energy Agency (IEA) was obtained to estimate PEF for Malaysian energy suply sectors. Table 2 presents derivation of PEF from Malaysian energy balances for the period of 2005 to 2008. The PEF for electricity supply has 4.14% variation higher than others energy supply sector due to own energy used in transformation processes (i.e. transformation of natural gas into electricity supply). Emission factor. Emission factor was applied to estimate carbon intensity for specific materials or products. An emission factor converts indirect energy intensity into indirect carbon intensity from I-O tables per unit monetary value which is then multiplied with the material or product sector output. Emission factor for electricity depends on fuel mix into electricity generation plant. Electricity emission factor was derived from Malaysian energy balances and variation of electricity from Malaysian generation plants for the period of 2005 to 2008. The results are compared with previous studies and found to be slightly higher due to gross caloric value (GCV) and scope-3 emission are incorporated into emission factor calculation [14] .
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Sustainable Energy and Development, Advanced Materials Price fluctuation. Previous researches proposed hybrid LCA model by using material and building prices to quantify total EE and EC intensity of building [2, 3] . However, using building prices with highly aggregated sectors (i.e. residential building and other construction in I-O tables used by Treloar [2] and Crawford [3] ) tends to greatly impact upon the total EE and EC intensity of building due to two levels of problems in price variations: (1) the use of material price to convert economic flow into physical energy and product quantity; and (2) the use of building price to fill the remaining sideways and downstream gaps. In this research, variation of price from reference case was based on percentage range of maximum and minimum values over the period of 2005 to 2008. The building material prices in Malaysia were acquired from the Construction Industry Development Board (CIDB) database and found the material price for ready-mixed concrete increased by up to 42% over the period of 2005 to 2008.
Results and Discussions
The variations of EE and EC intensities of materials in Malaysia due to parameter changes compared with the reference cases are presented in Table 3 . An increased energy tariff for the energy supply sector has a single high effect on EE and EC intensities of materials. The variations of EE and EC intensities of plasterboard were higher compared with other parameters, with results showing the variations of EE and EC intensities were up to 27.11% and 19.17% respectively. In particular, EE and EC intensities of plasterboard increased from 19.16 MJ/kg to 24.36 MJ/kg and 1.50 kg CO 2-e /kg to 1.79 kg CO 2-e /kg. This variation was due to the influence of indirect energy and carbon embodied in the upstream boundary of the supply chain in material production.
A single variation in PEF has less impact upon EE and EC intensities of materials. A maximum increase of PEF (i.e. particularly the natural gas and electricity supply sectors) has less impact on the hybrid LCA model. Using maximum PEF values between the periods of 2005 to 2008 showed the EE and EC intensities of plasterboard slightly increased from 19.16 MJ/kg to 21.74 MJ/kg and 1.50 kg CO 2-e /kg to 1.54 kg CO 2-e /kg, accounted for 13.02% and 4.80% of total EE and EC content. Meanwhile, the EE and EC intensities for clear float glass also slightly increased up to about 3.62% and 4.45% of total EE and EC content, ranged between 42.32 MJ/kg to 43.85 MJ/kg and 3.02 kg CO 2-e /kg to 3.15 kg CO 2-e /kg respectively. The parameter variations on energy intensive materials has less impact (e.g. cement, clay brick, steel virgin etc.), compared with less energy intensive materials such as clear float glass, plasterboard, or plastic products that have a large proportion of indirect energy and carbon embodied in the upstream boundary of materials production.
Using a disaggregation constant for aggregated energy supply sectors has less impact on variations of EC intensities of materials in the hybrid LCA model. Without disaggregation constants, EE and EC intensity values for clear float glass varied by up to 10.08% (10.08% reduction) and 11.78% (11.78% reduction) respectively. As shown in Tables 3, overall EE and EC intensities of materials in the hybrid LCA model slightly decreased from the reference cases.
An increase of material price also has a moderate impact on EE and EC intensities in the hybrid LCA model. The variation of material prices in Malaysia such as cement, ready-mixed concrete, and reinforcement steel were much higher compared with other material prices. Further increases of cement price of 32.95% led to the variation of EE and EC intensity values by up to 13.93% (from 9.01 MJ/kg to 10.26 MJ/kg) and 8.70% (from 1.01 kg CO 2-e /kg to 1.09 kg CO 2-e /kg) in the hybrid LCA model.
The variation in the electricity emission factor was due to the mix of fossil fuel in national energy policy, which has less impact on the hybrid LCA values. The maximum increase of emission factor has slightly increased EE and EC intensities of materials by approximately less than 3%. Therefore, using a disaggregation constant for the aggregated energy supply sector so that individual emission factors can be used instead of an average emission factor would result in less variation in the hybrid LCA model. 
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Conclusion
Parameter or scenario uncertainty was conducted to empirically investigate and evaluate key parameters and issues that contribute to high variations in EE and EC intensities of building materials in Malaysian construction industry. This study found that maximum increase in energy tariff and material price fluctuation was the key parameters and issues leading to higher variations in EE and EC intensity values. Other parameters such as maximum increase in primary energy factor, emission factor and excluding disaggregation constant have a slight impact upon EE and EC intensity variations. The high variations of EE and EC intensities in hybrid LCA model can be clearly seen between energy and non-energy intensive materials due to the high contribution of indirect energy in non-energy intensive materials in upstream boundary of materials production. Therefore, any decision relating to these materials should be considered carefully. Thus one strategy to reduce uncertainty and increase reliability of hybrid LCA data is by firstly calculating EE and EC intensities of materials and products, and then computing EE and EC of the entire building by using
